Abstract-We present the temporal evolution of the terahertz (THz) field leading to the excitation of plasmonic resonances in carbon microfibers. The field evolution is mapped in space and time for the 3/2 wavelength resonance using a subwavelength aperture THz near-field probe with an embedded THz photoconductive detector. The excitation of surface waves at the fiber tips leads to the formation of a standing wave along the fiber. Local THz timedomain spectroscopy at one of the standing wave crests shows a clear third-order resonance peak at 1.65 THz, well described by the Lorentz model. This application of the subwavelength aperture THz near-field microscopy for mode mapping and local spectroscopy demonstrates the potential of near-field methods for studies of subwavelength plasmonic THz resonators.
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To expand the application spectrum of THz-TDS to smaller objects, advanced near-field methods have been developed recently for mapping THz fields with spatial resolution orders of magnitude better than the diffraction limit [17] , and for confining the THz fields to subwavelength volumes [18] , [19] . These near-field microscopy methods can reveal THz properties of micrometer scale elements, as well as their interactions, for example, in THz metamaterials [20] - [29] .
The area of THz near-field microscopy has seen the incredible progress since the first experiments that demonstrated THz imaging with spatial resolution better than the diffraction limit about 15 years ago [30] - [34] . Recent investigations not only pushed the spatial resolution record to the nanometer level [35] , but also demonstrated a variety of THz near-field probes, which now cover an enormous span of length scales for THz analysis. Subwavelength aperture probes with embedded THz detectors and ultrathin electrooptic probes offer spatial resolution at the micrometer level (2-3 μm) [26] , [27] , [36] , [37] , scattering tip probes offer resolution at the sub-100-nm level [38] , [39] , and STM probes reach down to the sub-10 nm level [35] . No single THz probe, however, currently covers the entire span of length scales, from the diffraction limit down to the nanoscale. The subwavelength aperture probes become impractical due to the vanishing transmission of THz waves for apertures smaller than 1/100 of the wavelength, whereas the scattering-type probes are impractical for large-scale area scanning due to difficulties in maintaining the distance between the sample and the probe with the nanometer precision over large areas and at fast scanning speeds.
Near-field probes can be divided in two categories: probes designed to illuminate a subwavelength area of the sample and probes designed to detect and analyze local fields of the sample with spatial resolution beyond the diffraction limit. The latter group enables investigations of subwavelength size THz resonators, which provide a route to enhancing coupling of THz waves to solid-state systems. Subwavelength resonators typically have evanescent fields in close proximity of their structure. These evanescent fields can be detected with near-field probes to determine characteristics of the resonator experimentally [27] , [40] .
In this paper, we discuss application of the subwavelength aperture THz near-field probes for characterization of THz resonators. We exploit THz near-field probes with embedded THz photoconductive detectors to reveal the temporal evolution of the local THz field that shows the excitation of plasmonic resonances on 6.5-μm-diameter carbon microfibers (CMF). We map a plasmonic standing wave along the fiber corresponding to 3/2 of the wavelength with spatial resolution defined by the 5-μm aperture. Local THz-TDS at the crest of the standing wave allows us to determine the frequency and the linewidth of the plasmonic resonances supported by the fibers.
II. SUBWAVELENGTH APERTURE NEAR-FIELD PROBES WITH EMBEDDED THZ DETECTORS
Sensitivity of THz detectors is central for achieving high spatial resolution with the subwavelength aperture near-field probes. The sensitivity can be maximized by embedding a THz detector into the probe, in the near-field of the aperture. Such probes enabled the use of apertures smaller than 1/100 of the wavelength for THz-TDS and THz imaging.
A. Overview of Subwavelength Aperture THz Probes
The first experimental demonstration of the near-field microscopy concept utilized a subwavelength (λ/20) aperture in a metallic diaphragm of a microwave cavity (λ = 3 cm) [41] . The aperture served both as a subwavelength source of illumination and as a probe of local impedance. To form an image, a sample was positioned outside the cavity and scanned in front of the aperture. That experiment demonstrated that spatial resolution of such an imaging system is defined by the aperture size, rather than the wavelength.
The first near-field microscopy demonstration with free-space propagating THz waves also employed a subwavelength aperture (∼λ/10). A sample was illuminated through an aperture at the tip of a metallic cone [30] . The transmitted wave was detected in the far-field using a THz-TDS system. The experiment showed severe reduction of the transmitted wave amplitude due to the subwavelength aperture and indicated that further reduction of the aperture size was impractical in this configuration.
To overcome the problem of vanishing transmission through the aperture, a collection mode microscopy configuration was investigated [31] . In this mode, the sample is illuminated uniformly and the aperture is used to sample the THz field locally. A photoconductive THz detector was integrated with the aperture in one monolithic collection-mode near-field probe [31] , which showed significantly higher sensitivity and enabled the use of apertures as small as 5 μm (∼λ/100) [42] .
The key to the improvement in sensitivity and in spatial resolution by almost one order of magnitude was the reduced distance between the photoconductive detector and the aperture [43] . The improvement in sensitivity can be understood following an intuitive argument. Consider a metallic screen with a subwavelength aperture illuminated by a plane wave. The THz field on the backside of the screen is confined spatially by the size of the aperture, i.e., the field distribution is only a fraction of the wavelength across. Such a field is predominantly nonradiative, consisting of evanescent waves, which decay exponentially with distance from the screen. If the aperture size a is much smaller than the wavelength, the exponential decay length l can be approximated using the aperture size: l = a/(2π). Therefore, only a THz detector located within this decay length, i.e., at a distance smaller than the aperture size can detect the transmitted field efficiently [26] , [44] .
The evanescent nature of the field for a deeply subwavelength aperture also implies that the collection mode subwavelength aperture probes with embedded THz detectors are in principle more sensitive than the illumination mode subwavelength aperture probes combined with far-field detectors. In the latter case, the evanescent waves that contain the high spatial resolution information do not reach the far-field detector.
Near-field probes with embedded THz detectors in the nearfield region of the aperture were successfully implemented using several detection methods: the photoconductive switches [36] , [42] and electrooptic crystals [26] for coherent THz TDS analysis, and plasma excitation detectors based on thin GaAs quantum wells for incoherent detection [37] .
B. Nanostructured Photoconductive THz Probes
Detailed numerical studies of the evanescent THz field near the aperture revealed that the field amplitude within a short distance from the aperture is stronger than what was predicted by the analytical theory derived by Bethe et al. [17] , [26] , [37] , [45] . The standard photoconductive THz detectors, however, were not able to sense this field enhancement in the original experimental investigation of THz pulse transmission through small apertures [46] . It was shown later that the field enhancement vanished within a distance of 1 μm from the aperture plane [44] . Photoconductive detectors made with a thinned (500 nm) active layer on the other hand confirmed the presence of the enhanced THz field confined near the aperture [44] .
It prompted a new approach for improving the sensitivity and spatial resolution of subwavelength aperture near-field probes for THz-TDS. If the active region of the THz photoconductive detector is miniaturized enough to be enclosed entirely inside the enhanced field, the sensitivity of the probe can be improved.
The optical absorption length in photoconductive materials, such as low temperature (LT) grown GaAs, however exceeds the length of 1 μm. Therefore, an active region thickness below the optical absorption length is required for apertures smaller than 3-5 μm. This can be achieved by enhancing optical absorption in optically thin photoconductive layers using plasmonic nanostructures.
In this paper, we employed subwavelength aperture nearfield probes containing photoconductive THz detectors with a nanoantenna array introduced into the detector structure [36] . Fig. 1 illustrates details of the near-field probe and the antenna array. The array is designed to scatter the optical excitation (λ = 800 nm) resonantly into an optically thin (280 nm) LT GaAs photoconductive layer. As a result, absorption in the 280-nm LT GaAs layer is enhanced at the excitation wavelength from ∼30% to about 85% [36] . By embedding this thinned nanostructured photoconductive THz detector, we increased the near-field probe sensitivity by over one order of magnitude [36] . The near-field probes with 2-and 5-μm apertures are employed in this study. It is useful to evaluate the penalty in the signal-to-noise ratio resulting from transmitting the THz wave through the aperture. For the 5-μm aperture and the embedded nanostructured THz detector, the penalty is only 25-30 dB. The penalty is acceptable for the photoconductive THz detectors that routinely show the dynamic range of ∼60 dB. For comparison, the farfield detection methods show a similar penalty for significantly larger apertures (50-80 μm) [30] . The penalty increases rapidly as the aperture size decreases.
C. THz Field Detection by Subwavelength Aperture Probes
To perform THz spectroscopic analysis with the subwavelength aperture probe, it is important to take into account the frequency dependence of the aperture transmission coefficient. In the deep subwavelength regime (a << λ), the transmission amplitude for the incident waves polarized in the plane of the aperture can be described accurately by a linear function of frequency: E t /E inc = Cω, where C is a constant, which includes a frequency-independent phase shift of π/2 [47] . The transmission properties in the frequency domain have a simple time-domain representation: the transmitted pulse waveform is a temporal derivative of the incident pulse waveform.
The subwavelength aperture probe is sensitive also to the electric field polarized normally to the aperture screen [24] , [48] . This property makes the subwavelength aperture probe particularly useful for spectroscopic analysis of plasmonic resonators. If a plasmonic wave passes near the aperture, it induces a potential difference at the opposite sides of the aperture. The potential difference leads to a tangential field across the aperture, which is detected by the embedded detector inside the aperture. The detected field can be expressed analytically as E det ∝ a · dE z /dx where E z is the electric field normal to the aperture screen [48] .
III. NEAR-FIELD THZ SPECTROSCOPY OF PLASMONIC RESONATORS
Metallic plasmonic resonators are widely used at optical and infrared frequencies. At THz frequencies, a similar plasmonic response occurs in semiconductors and semimetals. A number of material systems, including 2-D electron gases and graphene, therefore can be used for THz plasmonic resonators. The resonance frequency is highly sensitive to the charge carrier concentration, the dielectric environment, and the geometrical design; plasmonic resonators dimensions can be as small as λ/50 [10] , [12] . The subwavelength dimensions, which offer strong field confinement for enhanced light-matter coupling, however result in poor excitation and radiation efficiencies for a single resonator.
To mitigate the problem of poor coupling, subwavelength resonators are commonly investigated as arrays. However, the coupling between individual elements of the array adds complexity to the spectral response. The sensitivity to the dielectric environment also results in variation of resonator properties and introduces inhomogeneous broadening to the spectral signature of the array.
THz near-field probe microscopy and spectroscopy offer a powerful alternative for characterization of resonators [28] , [40] . If a resonator is placed near the input aperture of the near-field probe, the transmission properties of the aperture are strongly modified at the resonance frequency. It occurs because the resonant fields couple into the aperture more efficiently than the incident field. The spectrum of the transmitted wave, therefore, exhibits a peak near the resonance frequency. This effect in the THz frequency range enabled spectroscopic analysis of Mie modes in single subwavelength TiO 2 dielectric resonators [28] . More recently, application of this method for spectroscopy of CMF revealed dipolar modes of plasmonic nature [40] , whereas the experimentally observed resonant field enhancement provided a quantitative measure of the fiber conductivity [40] .
A. Carbon Microfibers
CMF in this paper are 6.5-7.0 μm in diameter and 100-300 μm long. The CMFs consist predominantly of sheets of carbon arranged in a regular hexagonal pattern similar to the structure of graphite. The sheets are oriented along the fiber axis and provide good electrical conductance along the fiber [49] . Our earlier experimental observation indicated the excitation of plasmonic dipole modes with resonance frequencies determined by the fiber length [40] .
The plasmonic response suggests higher order modes can be excited on the fiber surface. These higher order modes can be identified by the spatial distribution of the field near the fiber. Furthermore, the process of plasmonic wave excitation is expected to produce a unique signature in the temporal evolution of the field near the fiber.
To investigate the spatial distribution and temporal evolution of the field, we prepared fiber samples with length of ∼3/2 λ 0 where λ 0 is the central frequency of the THz pulse. The samples were produced from commercial carbon fibers by micromilling [50] and supplied by STC Applied Nanotechnologies. A 207-μm-long fiber, circular in cross section with a 6.5 μm diameter, is shown in Fig. 2(a) . The fiber was attached to a thin polyethylene film (12.5 μm) using a thin layer of Superglue.
We use short optical pulses (pulse duration: 100 fs, repetition rate: f rep = 80 MHz, wavelength: λ = 800 nm) for generation of THz pulses in a ZnTe crystal. The optical beam is modulated by a mechanical chopper at 2.7 kHz. The generated broadband THz pulses are incident on the 207-μm-long fiber oriented parallel to the polarization of the incident field. The fiber is positioned at a distance of 2-5 μm from the near-field probe [see Fig. 2(b) ]. The THz field coupled into the 5-μm input aperture is detected by a photoconductive antenna embedded into the near-field probe. The photocurrent at the modulation frequency of 2.7 kHz is measured using a lock-in amplifier.
In the absence of the fiber, the near-field probe detects the incident THz pulses. The Fourier spectrum [shown in the inset of Fig. 2(b) ] exhibits no resonant features and peaks at ∼1.5- 2.2 THz. When the fiber is introduced in front of the aperture, the Fourier spectrum exhibits a resonant peak at ∼1.65 THz [see Fig. 2(b) ].
Instantaneous field distributions are recorded by scanning the fiber with respect to the aperture at a constant distance. Two examples of the near-field maps recorded about 1 ps after the excitation of the fiber by the THz pulse are shown in Fig 2(c) . The two maps are recorded with a time interval of ∼0.27 ps. They show three peaks of alternating polarity along the fiber length. The maps in Fig. 2(c) indicate the formation of a standing wave at the frequency of ∼1.5-2.0 THz.
B. Surface-Plasmon Resonance Excitation
To identify the origin of the standing wave, we map the THz field evolution along and perpendicular to the fiber axis as shown in Fig. 3(a) . The field map recorded along the fiber axis shows that the fiber blocks the THz pulse from reaching the detector aperture initially. The THz field appears along the fiber delayed with respect to the incident pulse. We detect the THz field at the fiber center delayed by approximately 0.5 ps after the incident pulse despite the fact that the THz pulse illuminates the entire fiber at the same time. The delay is the longest at the fiber center gradually decreasing to 0 at the fiber tips. The space-time map for a line scan perpendicular to the axis of the fiber shows that the delayed THz fields remain localized along the fiber.
The space-time map along the fiber axis has a distinctive signature of the wave propagating along the fiber surface [24] , [51] . The observed delay at the fiber center, therefore, corresponds to the time of travel from the fiber tips to the center. Similar space-time field patterns were detected near metallic surfaces due to the excitation of surfaces waves at the edges of metallic structures [24] , [51] .
The velocity of surface-wave propagation along the fiber can be estimated directly from the space-time map. The slope of the wave trace, v = Δx/Δt, corresponds to the phase velocity. We find that the velocity of propagation along the fiber is ∼20% lower than the propagation in free space. The k-vector of this wave is, therefore, higher than the free-space k-vector k = (ck 0 )/v = 1.24 k 0 . This behavior is indicative of surface-plasmons propagating along the fiber with the electric field normal to the fiber surface.
The map of local field evolution in Fig. 3(a) also reveals the plasmon excitation mechanism. The field of the incident THz pulse drives free-charge carriers toward the fiber tips. The corresponding electric field at the tips is localized on the scale much smaller than the wavelength, and, therefore, it can be represented as a superposition of waves with a broad spectrum of k-vectors. The waves with the k-vector matching the surfacewave k-vector remain coupled to the charge carriers and start propagating along the fiber surface. As the surface waves reach the opposite ends of the fiber, they experience reflection and travel in the reversed directions, forming a standing wave along the fiber.
C. Local THz Spectroscopy
We determine the spectral signature of the excited resonance by recording the temporal evolution the local field on the leftside crest of the standing wave [see the intersection of black dashed lines in the schematic diagram of Fig. 3(a) ]. The waveform shows oscillations of the THz field at a slightly different frequency compared to the reference pulse measured when the fiber is shifted along the y-axis by 30 μm. The oscillations last noticeably longer than the reference pulse. The Fourier spectrum of the field normalized to a reference spectrum shows a clear peak at 1.65 THz. The detected field is enhanced at the resonance frequency by 3.5 times compared to the reference field. The spectrum also shows a weaker resonance at ∼0.55 THz. The two peaks correspond to the fundamental resonances determined by the fiber length L = 3π/k SPP and L = π/k SPP .
The higher order mode can be fitted well with a Lorentzian function centered at 1.65 THz. The lower order dipole mode, however, is noisier and the fit is made with the resonance frequency fixed at 1/3 of the higher order mode, 0.55 THz.
The spectral analysis allows us to estimate the k-vector of the surface waves that form the standing wave. The k-vector can be expressed in terms of the resonance frequency f and the fiber length L:
This k-vector value is close to the value extracted form space-time map in Fig. 3 .
We note that the proximity of the metallic screen of the probe and the polyethylene substrate both affect the resonant frequency of the fiber. Numerical investigation of the effect of the probe on the experimentally observed resonance frequency of the fiber is discussed in [40] .
IV. DISCUSSION

A. Experimental Characterization of THz Resonators
The following properties of resonators are of primary interest in the development and applications of subwavelength resonators: 1) spatial distribution of the resonant field for all supported modes and 2) spectral characteristics for each mode.
The temporal evolution of the field distribution near the resonator within the first picosecond after the arrival of the short THz pulse already helped us to identify the plasmonic nature of the observed resonances. If only one mode is excited, the mode profile can be directly mapped by sampling the instantaneous field distribution as in Fig. 2(c) . If several nondegenerate modes are present, profiles of the excited modes can be obtained by converting the time-domain field evolution to spectral amplitude maps. Such maps for resonance frequencies correspond to the mode profiles for the excited modes.
We note that the 2-D field map in Fig. 2 is symmetric with respect to the fiber center. The 3/2 λ 0 and 1/2 λ 0 antenna modes, however, are expected to exhibit antisymmetric patterns. This symmetry change is caused by the coupling of the surface wave into the aperture of the probe as discussed earlier; the detected signal corresponds to a spatial derivative of the normal field component E z of the surface wave. A detailed description of the coupling mechanism can be found in [51] .
Spectral properties of excited resonances can be found by transforming the THz field waveforms measured at locations corresponding to each mode maxima as it was shown in Fig. 3(c) for the 1/2 λ mode and the 3/2 λ mode. The second-order mode (corresponding to 1 λ) is not excited efficiently due to its symmetry. We note, however, that the Fourier transform of the space-time map in Fig. 3(a) shows a weak peak at ∼1.10 THz corresponding to the 1 λ resonance. We attribute this to a possible misalignment of the fiber center with respect to the THz beam axis.
B. Spatial Resolution of Subwavelength Aperture Probes
To obtain the true field distribution, spatial resolution of the near-field probe must be better than the smallest feature of the carbon fiber, i.e., the fiber diameter. The 5-μm aperture employed in this study in principle is sufficiently small to resolve such a small feature. To confirm this, we test the spatial resolution of the probe using a 20-μm-wide gold stripline deposited on the surface of GaAs. The stripline edge is aligned parallel to the incident THz field and it is scanned in front of the aperture [see Fig. 4(a) ]. The corresponding edge profiles are shown in Fig. 4(b) for the 5-μm aperture and the 2-μm aperture probes.
The edge profiles show no THz field detected if the microstrip blocks the aperture (point B). As soon as the microstrip edge clears the aperture during the scan, the THz field is detected in full amplitude. The transition length is 3.9 μm for the 5-μm aperture and 2.1 μm for the 2-μm aperture (we used the 10%-90% criterion). This test confirms that spatial resolution is ) . The red and blue lines show the numerically estimated amplitude as a function of the aperture size for an infinitely thin THz detector placed in the aperture plane (red) and 500 nm away (blue). The black dashed line shows the simulated signal for the standard THz photoconductive detector placed at a distance of 4 μm from the aperture. Symbols show experimentally detected near-field probe signals from [36] , [42] , [44] normalized to the signals detected by THz photoconductive antenna detectors without the aperture screens.
determined by the aperture size and the experimentally observed field distribution represents the resonator mode.
C. Sensitivity of Subwavelength Aperture Probes
Due to the strong dependence of the aperture transmission coefficient on the aperture size, the photocurrent amplitude detected by the 2-μm aperture probe is over one order of magnitude lower compared to the amplitude detected by the 5-μm probe. The drop in the detected signal illustrates the main drawback of the high-resolution near-field probes: the signal-to-noise ratio deteriorates quickly as the aperture size is decreased. If the aperture is comparable or smaller than the size of the embedded photoconductive detector, the signal amplitude drops rapidly below the noise level [ Fig. 5] .
For investigations of resonators with smaller features, including plasmonic ribbon arrays made of graphene [11] and topological insulators [12] , it will be essential to improve the near-field probe sensitivity. We note that the present sensitivity of our near-field probes is still below the theoretical limit estimated for an infinitely thin THz detector (shown by the red line in Fig. 5) . We expect that 100-nm-thick THz photoconductive detectors will improve sensitivity for the 2-μm aperture probe by one order of magnitude.
V. CONCLUSION
The subwavelength aperture THz near-field TDS technique offers powerful capabilities for characterization of subwavelength size THz resonators. We demonstrate the use of this technique for detection of the THz field evolution near a CMF during the excitation of plasmonic resonances. We mapped the field distribution in space and time for the 3/2 wavelength resonance. THz-TDS applied locally shows a clear third-order resonance peak at 1.65 THz. It illustrates that the powerful THz-TDS analysis can be employed locally to probe the temporal evolution and the spectral content of the resonant fields.
We demonstrate that apertures as small as 1/100th of wavelength can be employed in the THz near-field probes with embedded THz photoconductive detectors to achieve high spatial resolution. To improve the spatial resolution and sensitivity further, the photoconductive detectors have to be miniaturized and enclosed entirely within the aperture region.
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